Hodgkin lymphoma (HL) is characterized by the presence of a malignant cell population consisting of mononucleated Hodgkin cells and multinucleated Reed-Sternberg cells. 1,2 A large variety of secondary molecular aberrations have been defined for HL; however, no HL-specific primary transforming event has been identified. The origin of these cells was elucidated only recently when Küppers et al found that HL cells express rearranged immunoglobulin genes. 3 This indicated that HL cells are of B-cell origin, although they often lack typical B-lineage markers such as CD20, cell surface B-cell receptor (BCR), and CD79a. 1, 4 The detection of somatic hypermutations and the presence of crippled immunoglobulin (Ig) 5 indicate that germinal center (GC) B cells are the precursors of HL cells. It is now assumed that GC B cells that escaped negative selection and acquired survival and proliferative advantages are the precursor of HL cells. 2 The B cell-specific transcription program appears to be silenced in HL cells, resulting not only in abolition of Ig gene expression but also in silencing of B cell-specific factors that play essential roles in the GC stages of B cell development and maturation. [6] [7] [8] The abolition of Ig gene expression may also be caused by epigenetic silencing. 9 Recent evidence has shown that basic helix-loop-helix transcription factor E47, encoded by the E2A gene, which is essential for B-cell development, [10] [11] [12] is inactivated in HL cells due to a combination of down-regulation of E2A gene expression and up-regulation of the E2A antagonists Id2 and the transcriptional repressor ABF-1. 11 E47 is involved in establishing B-cell identity by regulating expression of a number of B cell-specific proteins and BCR. 10,11 A conspicuous feature of HL cells is the aberrant expression of markers that are specific for cell types other than B cells. For instance, these cells express the myeloid cell marker CD15, 13 the activation marker CD30, 14 and the T-cell lineage transcription factor GATA3. 15 HL cells display constitutively nuclear localization and activation of nuclear factor-B (NF-B). 16, 17 The presence of mutations in NFKBIA, the gene encoding IB␣, in 30% of primary Hodgkin lymphomas and NF-B/REL locus amplifications suggests that genetic alterations that lead to continued activation of NF-B play a crucial role in the transformation process of classical HL. 5, 18 However, constitutive activation of NF-B can also be observed in other B-cell malignancies, making it unlikely that constitutive activation of NF-B is the sole cause of HL genesis. 19 Other transcription factors that might be involved in HL are the signal transducers of activation and transcription (STAT) proteins. STAT3, 20 STAT5, 21 and STAT6 22 have been shown to be continuously activated in HL cells. A possible role of STATs, in particular STAT3 and STAT5, in genesis of B-cell tumors has generated interest because these factors have been shown to play a role in control of proliferation and differentiation in various stages of normal B-cell development. 23 -25 STAT3 appears to be involved in plasma cell differentiation by regulating Blimp-1, which is essential for plasma cell differentiation. 24, 26, 27 Recently we found evidence that STAT5 is involved in human memory B-cell development and selfrenewal. 25 Interleukin (IL)-21, which was recently identified as a major B-cell growth and differentiation factor, 28,29 activates both STAT3 and STAT5. Upon ligand binding, IL-21R␣ associates with the ␥c chain, a property it shares with the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15 30 leading to activation of JAK1, JAK3, STAT1, STAT3, and STAT5. 28, 30 In view of the prominent B-cell growth activities of IL-21, we have examined whether IL-21 and its receptor are expressed in HL cells and addressed the question whether one or both of the downstream targets STAT3 and STAT5 are involved in the genesis of HL. The online version of this article contains a data supplement.
Introduction
Hodgkin lymphoma (HL) is characterized by the presence of a malignant cell population consisting of mononucleated Hodgkin cells and multinucleated Reed-Sternberg cells. 1, 2 A large variety of secondary molecular aberrations have been defined for HL; however, no HL-specific primary transforming event has been identified. The origin of these cells was elucidated only recently when Küppers et al found that HL cells express rearranged immunoglobulin genes. 3 This indicated that HL cells are of B-cell origin, although they often lack typical B-lineage markers such as CD20, cell surface B-cell receptor (BCR), and CD79a. 1, 4 The detection of somatic hypermutations and the presence of crippled immunoglobulin (Ig) 5 indicate that germinal center (GC) B cells are the precursors of HL cells. It is now assumed that GC B cells that escaped negative selection and acquired survival and proliferative advantages are the precursor of HL cells. 2 The B cell-specific transcription program appears to be silenced in HL cells, resulting not only in abolition of Ig gene expression but also in silencing of B cell-specific factors that play essential roles in the GC stages of B cell development and maturation. [6] [7] [8] The abolition of Ig gene expression may also be caused by epigenetic silencing. 9 Recent evidence has shown that basic helix-loop-helix transcription factor E47, encoded by the E2A gene, which is essential for B-cell development, [10] [11] [12] is inactivated in HL cells due to a combination of down-regulation of E2A gene expression and up-regulation of the E2A antagonists Id2 and the transcriptional repressor ABF-1. 11 E47 is involved in establishing B-cell identity by regulating expression of a number of B cell-specific proteins and BCR. 10, 11 A conspicuous feature of HL cells is the aberrant expression of markers that are specific for cell types other than B cells. For instance, these cells express the myeloid cell marker CD15, 13 the activation marker CD30, 14 and the T-cell lineage transcription factor GATA3. 15 HL cells display constitutively nuclear localization and activation of nuclear factor-B (NF-B). 16, 17 The presence of mutations in NFKBIA, the gene encoding IB␣, in 30% of primary Hodgkin lymphomas and NF-B/REL locus amplifications suggests that genetic alterations that lead to continued activation of NF-B play a crucial role in the transformation process of classical HL. 5, 18 However, constitutive activation of NF-B can also be observed in other B-cell malignancies, making it unlikely that constitutive activation of NF-B is the sole cause of HL genesis. 19 Other transcription factors that might be involved in HL are the signal transducers of activation and transcription (STAT) proteins. STAT3, 20 STAT5, 21 and STAT6 22 have been shown to be continuously activated in HL cells. A possible role of STATs, in particular STAT3 and STAT5, in genesis of B-cell tumors has generated interest because these factors have been shown to play a role in control of proliferation and differentiation in various stages of normal B-cell development. 23 -25 STAT3 appears to be involved in plasma cell differentiation by regulating Blimp-1, which is essential for plasma cell differentiation. 24, 26, 27 Recently we found evidence that STAT5 is involved in human memory B-cell development and selfrenewal. 25 Interleukin (IL)-21, which was recently identified as a major B-cell growth and differentiation factor, 28, 29 activates both STAT3 and STAT5. Upon ligand binding, IL-21R␣ associates with the ␥c chain, a property it shares with the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15 30 leading to activation of JAK1, JAK3, STAT1, STAT3, and STAT5. 28, 30 In view of the prominent B-cell growth activities of IL-21, we have examined whether IL-21 and its receptor are expressed in HL cells and addressed the question whether one or both of the downstream targets STAT3 and STAT5 are involved in the genesis of HL.
Methods

Patient material and B-cell isolation
Tumor material was obtained from the Department of Pathology of the AMC in Amsterdam, The Netherlands. All lymphomas were classified according to the WHO classification criteria 31 and judged at least by 2 pathologists. B cells were obtained from tonsils or peripheral blood (PB) of adults. The use of human tissue was approved by the Medical Ethical Committee of the AMC and was contingent on informed consent obtained in accordance with the Declaration of Helsinki. The cell sorting was done as described 25 using a FacsARIA (Becton Dickinson, San Jose, CA).
Retroviral constructs, production of recombinant retrovirus, and retroviral transduction
The mammalian expression vector LZRS containing CA-STAT5 and CA-STAT5bER was previously described. 25, 32 CA-IKK2 was obtained from J. J. Schuringa (University of Groningen, Groningen, The Netherlands). IB␣ SR was obtained from M. E. Poynter (University of Vermont, Burlington, VT). We obtained wild-type (WT) human STAT3 from E. Caldenhoven (Erasmus University, Rotterdam, The Netherlands) and generated Lazarus (LZRS)-WT-STAT3-IRES-GFP. Human WT STAT3 was fused with C-terminus of estrogen receptor (ER). The pSUPER and pRS constructs for STAT5 were described previously. 25 Retrovirus was made with Phoenix-A cell line. Transduction of primary B cells was performed as described previously. 25 
Immunoblotting and nuclear p65 measurement
Immunoblotting was done as previously described. 25 Primary antibodies used were anti-BCL6 (C-19), anti-STAT5 (C-17), anti-STAT3 (C-20), and antiactin (I-19) (all from Santa Cruz Biotechnology, Heidelberg, Germany), anti-PKC (Upstate, Huissen, The Netherlands), anti-IB␣, antipSTAT3(Tyr705), anti-pSTAT5(Tyr694), and antitubulin (11H10) (all from Cell Signaling Technology, Beverly, MA). Nuclear NF-B p65 was measured using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's protocol (IMGENEX, San Diego, CA) with equal amounts of nuclear protein.
Immunohistochemistry
Immunohistochemistry for IL-21 was performed on paraffin-embedded tumor sections from HL patients using a rabbit polyclonal anti-IL-21 Ab (0.5 g/mL; eBioscience, San Diego, CA). Functionality of the anti-IL-21 Ab was established on paraffin-embedded tonsil tissue as described. 33 IL-21 staining was developed using the CSA-II kit (Dako Cytomation, Glostrup, Denmark) with DAB detection, and tissue was counterstained with hematoxylin.
Cell culture and reagents
B cells were cultured in complete medium at 37°C in humidified air containing 5% CO 2 . Irradiated CD40L-L cells were seeded at a density of 5 ϫ 10 4 cells per well in 24-well tissue culture treated plates (Costar, Badhoevedorp, The Netherlands). Sorted B cells (5 ϫ 10 5 ) were added together with IL-2 (20 U/mL) and IL-4 (10 ng/mL; R&D Systems, Minneapolis, MN). Phoenix, JY, Ramos, Ly-7, L428, and L1236 were maintained in IMDM supplemented with 10% FBS and antibiotics. The IL-21R-Fc chimeric protein was obtained from R&D Systems.
Luciferase reporter transactivation assay
The L1236 cells were transiently electroporated. Each electroporation was done in duplicate and luciferase activity was measured 3 days after transfection with the Dual-Luciferase Reporter Assay Kit (Promega Benelux, Leiden, The Netherlands) according to the manufacturer's protocol. Normalized values are reported as the means (Ϯ SD) from 3 independent transfections.
Flow cytometry
Monoclonal antibodies (all IgG 1 unless otherwise indicated) to the human molecules CD3 (SK7), CD15 (80H5), CD19 (HIB19), CD20 (2H7, IgG 2b ), CD30 (Ber-H83), CD45 (2D1), CD56 (B159), CD70 (Ki24, IgG 3 ), CD79b (CB3.1), D95 (DX2), CD123 (7G3), CD132 (AG184), and HLA-DR (L243; IgG 2a ; BD-Pharmingen, San Diego, CA) were directly labeled with FITC, PE, or APC. -Light chain (clone A8B5), -light chain (rabbit polyclonal), and CD138 (clone MI15), directly labeled with PE (DakoCytomation, Glostrup, Denmark), were used for flow cytometric analysis. Intracellular staining for pSTAT5 and pSTAT3 was done according to the manufacturer's instructions (BD-Pharmingen), using an Alexa-647-conjugated monoclonal antibody specific for pSTAT5 (Y694, clone 47, IgG 1 ; BD), pSTAT3 (pY705, clone 4, IgG 2a ; BD-Pharmingen), or a control antibody. Stained cells were analyzed with a LSR II (BD-Immunocytometry Systems, San Jose, CA) and flow cytometric data were processed with CellQuest computer software (BD-Immunocytometry Systems).
Microdissection of HL cells, RNA isolation, and amplification
Microdissection of HL cells, RNA isolation, and amplification were done as previously described. 34 The reliability of the amplification step was confirmed by comparing gene expression profile of nonamplified peripheral blood mononuclear cells (PBMCs) RNA and T7 promoter-based RNA amplification. 34 
RT-PCR
Reverse-transcription-polymerase chain reaction (RT-PCR) was performed on total cDNA using AmpliTaq gold polymerase (Roche, Almere, The Netherlands). The following primers were used: actin forward, 5Ј-GGATGCAGAAGGAGATCACTG-3Ј and actin reverse, 5Ј-CGATCCA-CACGGAGTACTTG-3Ј (60°C, 30 cycles); IL-21 forward, 5Ј-GAG-GAAACCACCTTCCACAA-3Ј and IL-21 reverse, 5Ј-CAGGAATCT-TCATTCCGTGT-3Ј (60°C, 35 cycles); Gata3 forward, 5Ј-CTCATT-AAGCCCAAGCGAAG-3Ј and Gata3 reverse, 5Ј-GCATTCCTCCTC-CAGAGTGT-3Ј (60°C, 30 cycles); CD20 forward, 5Ј-AGCTAAT-CCCTCTGAGAAAAAC-3Ј and CD20 reverse, 5Ј-CTGCTGACAGGA-GAACTATG-3Ј (55°C, 40 cycles).
PCR primers for LMP-1, EBNA1/2, IPL, FER, PRAME, Rab13, and IL-13 have been described previously. 25, 35, 36 Real-time RT-PCR analysis was done with an iCycler PCR (BioRad Laboratories, Veenendaal, The Netherlands). The iQ SYBR Green Supermix (BioRad) was used for amplification. After incubation at 95°C for 6 minutes, 40 cycles of amplification were done. Each cycle consisted of 30 seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C. The primers used were as follows: actin forward, 5Ј-GGATGCAGAAGGAGATCACTG-3Ј and actin reverse, 5Ј-CGATCCACACGGAGTACTTG-3Ј; E47 forward, 5Ј-GTCGGACAAAGCGCAGAC-3Ј and E47 reverse, 5Ј-ACAGGCT-GCTTTGGGATTCC-3Ј.
Results
To determine whether the IL-21R was expressed on primary HL cells, we performed flow cytometric analysis using a single-cell suspension of primary HL. Figure 1A shows that cells coexpressing CD15 and CD30, which are highly specific markers for HL cells, 13, 14 expressed the IL-21R and the ␥c chain (CD132). Next we analyzed the expression of the IL-21R and the ␥c chain in the HL cell lines, L428, L591, and L1236. Similar to the ex vivo primary HL cells, both the IL-21R as well as the ␥c chain were expressed ( Figure 1B) .
To determine whether HL-infiltrating T cells expressed IL-21, we sorted CD3 ϩ CD4 ϩ T cells from a primary HL tumor by flow cytometry. Both patient samples tested expressed IL-21 mRNA as assessed by RT-PCR ( Figure 1C) . Upon analyzing the expression of IL-21 protein by immunoblot analysis in tumor cell lines, we unexpectedly observed that this cytokine is expressed in HL cell lines ( Figure 1D ). The presence of IL-21 protein in HL cell lines prompted us to examine the expression in fresh HL tumor samples. We first determined IL-21 mRNA expression in primary HL cells isolated by laser capture microdissection. Approximately 1000 HL cells from different HL cases were isolated, and subsequently the isolated RNA was amplified, as previously described. 34 Seven of the 10 HL cases tested were positive for IL-21 mRNA ( Figure 1E ). Immunohistochemistry on 6 patients showed that HL cells are positive for IL-21 protein ( Figure 1F -H). We could also detect IL-21 in the smaller cells, most likely T cells ( Figure 1F -H). We confirmed that this antibody also detected IL-21 produced by CD4 ϩ T cells activated by beads coated with anti-CD3 and anti-CD28 ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article).
IL-21 activates both STAT3 and STAT5 in HL cell lines
To determine whether IL-21 signaling was active in HL cell lines, we determined the effects of exogenous IL-21 on STAT3 and STAT5. The HL cells were first starved for 6 hours in serum-free medium and then incubated with exogenous IL-21 for 15 minutes. Two of the 3 cell lines, L428 and L1236, did not express tyrosine-phosphorylated STAT3 (pSTAT3) after serum starvation, and IL-21 induced pSTAT3 in these lines. Serum-starved L428 cells expressed pSTAT5 only after activation with IL-21. In contrast, L591 cells showed constitutive expression of pSTAT3 and pSTAT5, which were increased after addition of IL-21. Phosphorylation of STAT5 in starved L1236 cells was increased after incubation with IL-21 ( Figure 2A ). These data show that IL-21 either induced or increased the phosphorylation status of STAT3 and STAT5, which indicates that the IL-21R is functional in 3 analyzed HL cell lines. We next investigated the effects of endogenously produced IL-21 on the proliferation of HL cells. We cultured the HL cell lines L428 and L591 for 3 days with an IL-21R-Fc fusion protein, which blocks IL-21 signaling. Proliferation was measured by determining [ 3 H] thymidine incorporation at 72 hours after treatment. The proliferation of L591 cells was suppressed to 40% of that of untreated control cells ( Figure 2B) . Treatment of the cell lines L428 and L1236 with the IL-21R-Fc fusion protein had no effect on the proliferation ( Figure 2B and data not shown). These data raise the possibility that the relatively high level of expression of pSTAT3 and pSTAT5 in L591 cells may be due to triggering of the IL-21 receptor by endogenously produced IL-21. The finding that IL-21 activated both STAT3 and STAT5 in HL cell lines is in line with previous observations that (nonstarved) HL cell lines expressed phosphorylated STAT3 and STAT5. 21 We confirmed and extended these findings by showing that 5 samples of primary HL cells defined by the coexpression of CD15 and CD30 expressed high levels of pSTAT5 by flow cytometric analysis ( Figure 2C ). In contrast, 2 of the 4 primary HL samples tested shown negative for pSTAT3 (data not shown).
Immortalization of primary B cells with CA-STAT5B
Next we investigated whether the downstream targets of IL-21, STAT3, and STAT5 might be involved in generation of HL. We previously documented that constitutive active STAT5a (CASTAT5a) or CA-STAT5b mutants and inducible STAT5bER mutant in human primary B cells resulted in a significant extension of their replicative lifespan. 25 Here we addressed whether constitutive activation of STAT3 would have similar effects on the proliferation of primary B cells. We cocultured purified tonsil CD19 ϩ B cells with CD40L-expressing mouse fibroblasts (CD40L-L cells) in the presence of IL-2 and IL-4. At day 7, the B cells were transduced with retrovirus expressing STAT3ER upstream of an internal ribosomal entry site-GFP (IRES-GFP) cassette and cultured these cells in the presence of CD40L-L cells, with IL-2 and IL-4, and in the presence or absence of tamoxifen for 5 weeks. The activation of STAT3ER upon addition of tamoxifen to STAT3ER-transduced B cells led to a brief increase in frequency ( Figure 3A ) and numbers (data not shown) of the transduced cells, but did not lead to long-term proliferation of the transduced B cells. The failure of tamoxifen to induce proliferation of the STAT3ER-transduced B cells was not due to functional inactivity of the construct since addition of tamoxifen to STAT3ER-transduced B cells resulted in induction of Blimp-1 and strong differentiation into antibodyproducing cells. 27 Following our observation that CA-STAT5a or CA-STAT5b mutants and inducible STAT5bER mutant in human primary B cells resulted in a significant extension of their replicative lifespan in the presence of cytokines, 25 we asked whether proliferation of CA-STAT5b ϩ B cells required cytokines and CD40L-L cells. Therefore we cultured CA-STAT5b ϩ cells obtained from tonsil or peripheral blood (PB) with or without cytokines and with or without CD40L-L cells. Both tonsil and PB CA-STAT5b ϩ B cells proliferated independently of cytokines ( Figure 3B ), indicating that the constitutive activation of STAT5 was sufficient to replace the signal induced by IL-2 and IL-4. Unexpectedly, we observed that CA-STAT5b ϩ tonsil B cells could proliferate independently of CD40 ligation, while PB B cells proliferated without cytokines, but remained CD40L dependent ( Figure 3C ). Both the CA-STAT5b ϩ PB B cells cultured with CD40L-L cells in the absence of cytokines and tonsil B cells cultured without cytokines or CD40L-L cells could be maintained for periods of more than 6 months. All cytokine and CD40L independently proliferating CA-STAT5b ϩ B-cell tonsil lines were Epstein-Barr virus (EBV) negative as determined by the absence of LMP-1, EBNA1, and EBNA2 (Figure 7 ). PB and tonsil B cells transduced with CA-STAT5b remained polyclonal when cultured One of the hallmarks of HL is the lack of BCR expression. We therefore determined whether ectopic expression of CA-STAT5b had an effect on the BCR. The data in Figure 4A clearly show that the BCR was gradually down-regulated in CA-STAT5b-transduced B cells during the first 6 weeks of culture. The reduction in surface BCR expression was not a result of differentiation into plasma cells as the CA-STAT5b ϩ B cells that became BCR negative were unable to secrete Ig (data not shown) and failed to express the plasma cell marker CD138 ( Figure 5 ).
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Presence of large multinucleated cells in CA-STAT5 ؉ B cells
We examined the CA-STAT5 ϩ B cells for the presence of multinucleated cells, another crucial hallmark of HL. Giemsa staining on cytospin preparations of CA-STAT5b ϩ B cells revealed the presence of multinucleated cells both in CA-STAT5b ϩ and as a positive control, the HL cell line L428 ( Figure 4B ). The presence of such multinucleated cells was not unique for tonsil CA-STAT5b ϩ B cells since similar results were obtained with PB B cells transduced with CA-STAT5b ( Figure S2 ). Flow cytometric analysis of DNA content using propidium iodide (PI) staining demonstrated that the proportion of multinucleated (Ͼ 4n) cells was comparable with what we found in the HL cell lines tested ( Figure 4C ).
Cell surface phenotypes of CA-STAT5b ؉ B cells and HL cells are similar
We next compared the phenotype of CA-STAT5b ϩ tonsil B cells with that of well-characterized HL cell lines ( Figure 5A ). None of CA-STAT5b-generated cell lines expressed the T and natural killer (NK) lineage markers cells CD3 or CD56. Whereas B cell-specific markers CD20, CD79b, and Ig kappa and lambda light chains were expressed on the B cells before transduction with CA-STAT5b (data not shown), these antigens were absent on the CA-STAT5b ϩ B cells ( Figure 5A ), in agreement with previous studies. 8, 38 Furthermore, the expression of HLA-DR, CD45, FAS (CD95), IL-3R␣ (CD123), and ␥ common chain (CD132) on CA-STAT5b-transduced B cells and HL cells was comparable. Importantly, like HL cells, CA-STAT5b ϩ B cells coexpressed CD30 and the myeloid marker CD15, which is a conspicuous characteristic for HL. 13, 14 A similar phenotype was observed in CA-STAT5b ϩ PB B cells cultured in the presence of CD40L-L cells with one exception. CA-STAT5b ϩ PB B cells and CA-STAT5b ϩ tonsil B cells expanded with CD40L-expressed CD19, whereas this antigen was absent on CA-STAT5b ϩ tonsil B cells proliferating in the absence of CD40L and on HL cell lines ( Figure 5A and data not shown).
Limited gene expression profile of CA-STAT5b ؉ B cells is similar to that of HL cells
Genetic profiling of HL cell lines and other B-cell tumors revealed a number of genes specifically expressed in HL: IPL, FER, PRAME, Rab13, T cell-associated gene GATA3, 36 and IL13. 35 Using RT-PCR, we determined the expression of these genes in CA-STAT5b ϩ tonsil B-cell lines and 2 HL cell lines (L428 and L1236); the EBV-transformed B-cell line (JY); and the GC-type diffuse large B-cell lymphoma line (LY-7); the Burkitt lymphoma line Ramos served as control ( Figure 5B ). Both HL and CASTAT5b ϩ tonsil B-cell lines expressed CD20 transcripts consistent with their B-cell nature. The observation that CD20 protein was undetectable by flow cytometric analysis may imply that the expression of the protein was too low to detect or that the translation of CD20 is inhibited in these cells. GATA3, IPL, and IL-13 mRNAs were specifically expressed in the CA-STAT5b ϩ tonsil B cells and in the HL cell lines, although IL13 was not expressed by one HL cell line L1236. FER, PRAME, and Rab13 were present in both HL cell lines and CA-STAT5b ϩ B cells but also expressed in JY, LY-7, and Ramos, albeit at lower levels. For personal use only. on April 30, 2017 . by guest www.bloodjournal.org From A similar gene expression profile was found in CA-STAT5b ϩ tonsil and PB B cells cultured in the presence of CD40L-L cells ( Figure  5C ). Since BCL6 is a direct target of STAT5 in B cells, 25 we determined the BCL6 protein levels. Both the CA-STAT5b-transduced B-cell lines as well as the HL cells lines expressed similar levels of BCL6 protein ( Figure S3 ). Taken together, our data indicate that CA-STAT5b ϩ B cells strongly resemble the HL cell lines.
Proliferation of CA-STAT5b ؉ and HL cell lines depends on active NF-B, which is partially controlled by STAT5
It is well documented that CD40 signaling results in NF-B activation. 39 The fact that the CA-STAT5b ϩ tonsil B cells could be cultured without CD40L-L cells suggested that proliferation of these cells could be driven by constitutive activation of the NF-B pathway. To test the role of NF-B in proliferation of CA-STAT5b ϩ tonsil B cells, we introduced the NF-B superrepressor IB SR 40 in an IRES-⌬NGFR cassette into these cells. We observed that the percentage of cultured IB SRtransduced cells decreased in time, whereas the percentage of control ⌬NGFR-transduced B cells remained stable ( Figure 6A ). Ectopic expression of IB SR indeed led to higher IB protein levels as assessed in IB SR -transduced L591 cells ( Figure S4 ). To extend the findings of the IB SR overexpression, we determined whether p65, which is part of the NF-B complex, was present in the nucleus. The HL cell line and the 2 CA-STAT5b ϩ tonsil B cells showed similar p65 levels in the nuclear fractions as determined by a p65 ELISA ( Figure 6C ). The isolated nuclear fractions were not contaminated with the cytosolic fraction since no PKC protein, known to be present only in the cytosol, could be detected by immunoblot ( Figure 6B ). Together these data indicate that CA-STAT5b ϩ tonsil B cells exhibit constitutively active NF-B, thereby allowing for proliferation of tonsil B cells in the absence of CD40L stimulation. These data suggest a link between STAT5b and NF-B in HL. Indeed, it has been reported that activated STAT5 can control NF-B activity in the pro-B-cell line Ba/F3. 41 To determine whether NF-B-dependent transcriptional activity could be affected by modulation of STAT5 we cotransfected HL cells with a NF-B-luciferase reporter construct together with a vector containing STAT5 siRNA or with a control siRNA vector. We observed a 47% (Ϯ 7%, n ϭ 3) reduction of NF-B activity in HL cells when STAT5 was knocked down compared with the control, suggesting that STAT5 contributes to the activation of NF-B in HL ( Figure 6D) . As a control, we determined whether STAT5 RNAi affected a signal transduction pathway different from the NF-B pathway. We used the retinoic acid receptor signal transduction pathway using a retinoic acid receptor element (RARE) luciferase reporter vector as a readout. In Ramos cells, STAT5 RNAi, which resulted in reduced STAT5 protein levels, did not influence the retinoic acid signal transduction pathway ( Figure S7 ). These data support the notion that STAT5 does not mediate nonspecific inhibitory effects and hence validates the effect that STAT5 positively regulates NF-B activity. Next we determined the effects of decreased STAT5 levels on the proliferation. Figure 6E shows that HL cells stably expressing siRNA targeting STAT5, which efficiently knocked down STAT5 expression ( Figure S5 ), proliferated much less than controltransduced cells.
To determine whether activation of NF-B is required for the survival and proliferation of the monoclonal CA-STAT5 ϩ tonsil 
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we made use of a constitutively active IKK2 (CA-IKK2) mutant that leads to constitutive NF-B signaling. 42 As shown in Figure 3C , CA-STAT5b ϩ PB B cells required CD40L-L cells to survive and proliferate. For this reason, we transduced PB B cells with CA-STAT5bER-IRES-⌬NGFR and CA-IKK2-IRES-GFP or with control GFP. In addition, we introduced CA-IKK2 into B cells that were already transduced with CA-STAT5bER-IRES-GFP and cultured already for 2 months in the presence of tamoxifen. After transduction, the cells were cultured in the absence of CD40L-L cells in the presence or absence of tamoxifen. In both samples of cells, the percentage and the absolute numbers of double-transduced CA-STAT5bER plus control GFP cells cultured with or without tamoxifen did not increase ( Figure 6F and data not shown). This was expected, as CD40 was not triggered. The percentage of CA-STAT5bER plus CA-IKK2 doubletransduced cells cultured without tamoxifen increased in time, indicating some survival-inducing effect of CA-IKK2 in the absence of STAT5 activation, however this effect was transient and these cells eventually died. Most importantly, only the cells cultured with tamoxifen, thus with activation of both STAT5b and NF-B, increased in absolute cell number ( Figure 6G ). Both samples of cells could be cultured for at least 2 months without CD40 ligation. To assess whether all CA-IKK2-and CASTAT5bER-transduced cells expand under these conditions or whether clonal selection occurred, we determined the clonality of the double-transduced B cells in time by genescan analysis ( Figure  S6 ). The B cells that were cotransduced with CA-STAT5bER and CA-IKK2 and cultured with tamoxifen for 49 days were multiclonal, while the cells that were first transduced with CA-STAT5ER, cultured for 48 days, then transduced with CA-IKK2 and cultured for another 49 days (97 days in culture) had a much more restricted clonality. Together, these data indicate that expression of CA-IKK2 overcame the requirement for CD40 ligation for maintaining expansion of CA-STAT5bER-transduced B cells. The observation that long-term cultured CA-IKK2 and CA-STAT5bER double transduced cells have a restricted clonality suggests that continued activation of both STAT5 and CA-IKK2 is required for survival and expansion of primary B cells, but that additional mutations occurring in certain clones are required for full transformation. For personal use only. on April 30, 2017 . by guest www.bloodjournal.org From
Forced expression of E47 rescues the down-regulation of BCR
Recently it has been suggested that decreased E47 transcriptional activity is involved in the loss of the B cell-specific expression pattern of HL cells, including the lack of BCR expression. 11 For this reason, we examined whether STAT5 influenced expression of E47. We assessed the expression of E47 by real-time RT-PCR in STAT5bER ϩ B cells cultured with CD40L-L cells plus IL-2 and IL-4 with tamoxifen and cells cultured for 12 days without tamoxifen to ensure inactivation of the ectopically expressed STAT5bER ( Figure 7A ). The expression level of E47 was decreased when STAT5bER ϩ B cells were cultured with tamoxifen compared with STAT5bER ϩ B cells that were deprived of tamoxifen for 12 days. Importantly, when tamoxifen was added back to the culture for 2 days, E47 expression decreased again. mRNA levels of other factors involved in E-protein signaling, Id2, Id3, and Abf-1, did not change upon STAT5bER activation (data not shown). Next, we determined whether the BCR down-regulation could be rescued by ectopic expression of E47. We double transduced primary B cells with CA-STAT5b-IRES-⌬NGFR plus control GFP or CA-STAT5b-IRES-⌬NGFR plus E47-IRES-GFP and cultured the cells with CD40L-L cells plus IL-2 and IL-4. As expected from the data in Figure 4A , B cells double transduced with CA-STAT5b plus control GFP lost the expression of the BCR ( Figure 7B ). In contrast, B cells double transduced with CASTAT5b plus E47 remained BCR positive ( Figure 7B) . Similar to what has been described in HL cell lines, ectopic expression of E47 in CA-STAT5b-transduced B cells did not have an effect on proliferation. Furthermore overexpression of E47 did not influence the percentage of multinucleated cells and the expression of CD15 and CD30 (data not shown). Together these data demonstrate that STAT5 negatively influenced E47 at the transcriptional level and that the decreased BCR expression in CA-STAT5b ϩ B cells could be rescued by ectopic expression of E47.
Discussion
IL-21 is a major proliferation and differentiation factor for normal human B cells and might therefore be involved in survival and proliferation of malignant B cells as well. Here we show that ex vivo isolated HL cells express high levels of the IL-21R. It has been well documented that IL-21 is produced by T cells, 29 and our observation that IL-21 was expressed by HL cells and HL tumor-infiltrating T cells suggested that IL-21 may promote HL proliferation and possibly survival in an IL-21-dependent manner. Consistent with this notion, we demonstrated that IL-21 can increase the number of phosphorylated STAT3 and STAT5 molecules in HL cell lines and moreover observed that blocking endogenous IL-21 signaling resulted in decreased proliferation of the HL cell line L591. We observed that primary HL cells express pSTAT5 consistent with earlier observations that STAT5 localizes in the nucleus of primary HL cells. 21 On the basis of these data, we hypothesize that IL-21 is involved in proliferation and survival of HL cells, probably in early stages of the oncogenic process, via paracrine and autocrine loops. Besides IL-21, other factors such as IL-13 might be involved in provoking continued STAT activation. 35, 43 Continued activation by cytokines may prime the cells for additional mutations and make HL cells independent of cytokines.
These findings prompted us next to examine the roles of the STATs that are stimulated by IL-21 in proliferation of human B cells. We found that ectopic expression of constitutively active mutants of both STAT5a (data not shown) and STAT5b in primary human B cells results in in vitro immortalization of primary B cells, while ectopic expression of a constitutively active STAT3 mutant did not induce proliferation but induced plasma cell differentiation. 27 Thus although STAT3 can be activated in some HL cells lines as published elsewhere 20 and confirmed here, STAT3 does not seem to have a role in the in vitro immortalization of human primary B cells. Whether STAT3 is involved in the oncogenic process of HL remains to be determined.
Besides expressing a number of HL-specific genes and a highly similar set of cell surface antigens, CA-STAT5b ϩ B cells are like HL cells also with respect to molecular requirements for proliferation. CA-STAT5b ϩ B cells proliferated in a cytokine-independent manner. Pim-1, which is a direct target of STAT5, is also described to endow cytokine-independent proliferation to hematopoietic cells 44, 45 and is expressed in HL cell lines. 46 Previously it has been documented that proliferation of HL cell lines is dependent upon constitutively active NF-B. 16, 17 This turned out also to be the case for CA-STAT5b ϩ tonsil B cells since ectopic expression of IB SR resulted in inhibition of proliferation of these cells. The high expression of a number of NF-B target genes such as CD25, cFLIP, IL-15R␣, and CD44 (data not shown) in CA-STAT5b ϩ B cells is consistent with the notion that these cells have activated NF-B. STAT5 knockdown resulted in a significant reduction of NF-B activity as determined with a reporter assay. STAT5 knockdown did not alter the expression of p65 (results not shown), thus the mechanism underlying the STAT5 regulation of NF-B activation remains to be elucidated. Although these data suggest that continued activation of STAT5 results in increased NF-B activity, this was clearly not sufficient to maintain proliferation of CA-STAT5b-transduced PB B cells since CD40 ligation was still needed. Introduction of CA-IKK2 overcame the requirement of CD40L for proliferation of CA-STAT5bER-transduced PB B cells, indicating that CD40 mediates its effect on proliferation of CA-STAT5b-transduced PB B cells through activating NF-B. We furthermore observed that expression of IB SR in CA-STAT5b-immortalized tonsil B cells resulted in inhibition of proliferation. Together with the demonstration that STAT5 is also needed for continued expansion, our data suggest that the STAT5 and NF-B pathways collaborate in inducing proliferation of human B cells and that constitutive activation of both these pathways may result in phenotypic changes characteristic for HL. Upon introduction of For personal use only. on April 30, 2017 . by guest www.bloodjournal.org From CA-IKK2 into PB CA-STAT5b ϩ B cells, monoclonal cells eventually emerge in long-term cultures. It is tempting to hypothesize that in those cells additional mutations occurred, resulting in full transformation and immortalization.
One hallmark of HL is the absence of BCR expression. Ectopic expression of E47 rescues the block in BCR expression in CA-STAT5-transduced B cells, clearly showing that continued activation of STAT5 plays a crucial role in the loss of the B-cell identity via downmodulation of E47. However other typical features of HL cells were not affected by down-regulation of E47, suggesting that continued activation of STAT5 mediates appearance of these features, such as induction of CD15 in a manner independent of E47 down-regulation. The mechanism of E47 down-regulation upon CA-STAT5b activation is unknown. As STAT5b is an activator of transcription, it is, therefore, expected that the down-regulation of E47 is an indirect process. It is possible that STAT5b may contribute to HL by regulating genes that induce epigenetic events, resulting in methylated Ig promoter 9 and possibly also the E47 promoter.
Based on our data, we hypothesize that molecular alterations leading to continued activation of NF-B and STAT5 are causally linked to HL genesis. Although no mutations were found in the STAT5 gene, 47 it is conceivable that mutations upstream of STAT5 that lead to constitutive activation of the STAT5 pathway may eventually lead to transformation. It is possible that a negative regulator of STAT5 is altered, resulting in increased tyrosinephosphorylated STAT5 levels. Recently, mutations in the suppressor of cytokine signaling 1 (SOCS1) have been shown to occur frequently in primary HL and HL cell lines. 48 SOCS1 normally down-regulates the kinase activity of Jaks, leading to decreased levels of phosphorylated STATs. 49, 50 For this reason, mutation of the SOCS1 gene is thought to result in higher levels of phosphorylated STATs. In addition, molecular changes in the NF-B pathway have been associated with HL. 5, 18 For instance, mutations in the gene encoding IB␣ were found in 30% of primary Hodgkin lymphomas. Genetically affected STAT5 and NF-B pathways most likely have both overlapping and distinct roles in HL genesis. The availability of an in vitro system to alter primary B cells into HL-like cells offers unique opportunities to study the molecular events leading to HL genesis and may provide new targets for therapeutic intervention.
